inding of acetylcholine (ACh) to nicotinic ACh receptors in the resting state leads to an open state and in the continued presence of ACh to a closed, desensitized state (1, 2). These receptors consist of five subunits that are either homologous or identical (3, 4). The subunits have a large extracellular domain, four membrane-spanning segments (M1-M4), and an intracellular domain. The subunits surround a central channel. The structure of the extracellular domain is known in great detail thanks to a wealth of biochemical and mutagenetic results (3, 4), a high-resolution structure of a homopentameric ACh-binding protein homologous to the extracellular domain of the ACh receptor (5), and cryoelectron microscopy of two-dimensional crystals of ACh receptor in membrane (6). The threedimensional structures of the membrane domain and the cytoplasmic domain are less well established.
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The structure of the membrane domain and the channel have been studied in receptors from electric cells and muscle, subunit composition (␣1) 2 (␤1)␥␦ or (␣1) 2 (␤1)␦, and homopentameric neuronal receptor composition (␣7) 5 (3, 4) . The channel lumen is lined by the M2 segments from the five subunits (refs. 7-9; Fig.  1A ). Residues in M2 were labeled by photoactivated (9, 10) and electrophilic (11) noncompetitive inhibitors. In addition, mutations of residues in M2 altered the effectiveness of open-channel blockers (12, 13) . All of the residues that line the channel lumen in the M2 segments of the mouse-muscle ACh receptor ␣ and ␤ subunits were identified by the substituted cysteine accessibility method, which identifies Cys accessible to water and to small, polar reagents, and the pattern of accessibility conformed largely to an exposed stripe of an ␣-helix (14, 15) .
Residues in the M1 segments also contribute to the channel lining. Quinacrine azide (17) , a derivative of the open-channel blocker quinacrine (18) (19) (20) , photolabeled residues at the extracellular end of ␣M1 specifically in the open state of the receptor (21) (22) (23) . In addition, a number of substituted Cys in the outer third of M1 are accessible from the channel lumen either in the resting state or in the open state (15, 24, 25) . The pattern of accessibility was inconsistent with a regular secondary structure in this region. The accessibility of residues in the outer third of M1 is consistent, at least in the open state, with a funnel-shaped lumen (26) lined with alternating M1 strands and M2 helices at its wide outer end and by just five M2 helices at its narrow inner end ( Fig. 1B; refs. 14, 15, 24, 25, and 27).
The narrow inner end of the channel contains rings of aligned residues in the M1-M2 loops and the inner ends of M2 that are the principal determinants of conductance (28) , size selectivity (29) (30) (31) , and charge selectivity (32) . The resting (activation) gate has been proposed to be in the middle of the membrane (33) or alternatively at the inner end of the channel (34) . Furthermore, the gate in the desensitized state has been proposed to extend from the inner end to the middle of the channel (35) . The gates at the inner end of the channel block the passage of 2-aminoethyl methanethiosulfonate (MTSEA) from inside and from outside.
In the work presented here, we used quinacrine (18) (19) (20) and quinacrine mustard (36, 37) to explore the accessibility of the channel lumen to relatively large molecules in the resting and open states. As was previously done with QX-222 and QX-314 (38), we mapped the binding site of quinacrine by its protection of Cys-substitution mutants in ␣M1 and ␣M2 against MTSEA. We also characterized the covalent reaction of quinacrine mustard, an alkylating derivative of quinacrine, with these cysteines. The results were consistent with quinacrine and quinacrine mustard binding in the open channel on the intracellular side of ␣V255 (Fig. 1B) . Furthermore, in contrast to the protection by quinacrine of substituted Cys in M2 below ␣V255, the reaction of ␣V218C in M1 with MTSEA was faster in the quinacrineblocked open state than in the unblocked open state, which is evidence of the state-dependent dynamics of the outer end of the channel.
of ACh at Ն5ϫ EC 50 unless otherwise noted. The holding potential was Ϫ50 mV.
Rate constants for MTSEA reactions were determined as follows. Oocytes were treated several times alternately with ACh alone and with a mixture of ACh and MTSEA or with a mixture of ACh, MTSEA, and blocker (quinacrine or QX-314). The test current (I) elicited by a fixed concentration of ACh after each application of MTSEA, as a function of the cumulative time (t) of application of MTSEA, was fitted by I ϭ I ϱ ϩ (I 0 Ϫ I ϱ )e Ϫkmt , where I ϱ is the test current at infinite t, I 0 is the initial test current, k is the second-order rate constant, and m is the concentration of MTSEA. I ϱ and k were obtained from the fit. The observed rate constant, k obs , for the MTSEA reaction in the presence of ACh and blocker was assumed to be equal to yk blocked ϩ (1 Ϫ y)k open , where y is the fraction of blocked channels, k blocked is the rate constant for the reaction with fully blocked channels, and k open is the rate constant for the reaction with open (not blocked) channels. For y ϭ 1͞(1 ϩ IC 50 ͞q), where q is the blocker concentration, k blocked ͞k open ϭ (k obs ͞k open Ϫ 1)͞y ϩ 1, which we used to extrapolate k obs to the fully blocked state (38) .
Results and Discussion
Quinacrine Inhibition of Cys Mutants. Quinacrine inhibited the current evoked by a high concentration of ACh in oocytes expressing wild-type and Cys-substituted receptors ( Fig. 2A) . The quinacrine concentration (IC 50 ) that inhibited current by 50% was 2.7 M for wild type and ranged from 14 times smaller than wild type for ␣Y213C to 27 times larger than wild type for ␣L258C (Fig. 2B ). Neither of these residue's contacts bound quinacrine (see below). Mutations of those residues that do contact quinacrine had modest effects on the IC 50 , consistent with Cys being a highly tolerated substitute for other residues. The IC 50 of another channel blocker, QX-314, was affected similarly by most of the mutations (Fig. 2C ). The effects of the mutations on IC 50 do not correlate with the effects on the concentration (EC 50 ) of ACh eliciting half-maximal current. Because the mutated residues are distant from the ACh binding sites, the effects of the mutations on EC 50 must be through effects on the relative stability of the open state. The lack of correlation between the effects on EC 50 and the effects on IC 50 implies that effects on the relative stability of the open state do not alone account for the effects on IC 50 . Previously, the mutations of ␣R209, ␣P211, and ␣Y213 were found to affect quinacrine inhibition of ACh-induced current (39) .
Quinacrine Effects on the Reaction of MTSEA with Cys Mutants. We mapped the binding site of quinacrine by determining its effect on the reactions of MTSEA with Cys substituted for residues known to react in the open state. The rate constant for the MTSEA reaction in the presence of ACh (Fig. 3A) was compared with the rate constant in the presence of both ACh and quinacrine (Fig. 3B ). For some mutants, the reactions in the absence and presence of quinacrine were followed in the same oocyte (Fig. 3C ). The test responses were fitted by a pseudo-first-order kinetic equation (see Materials and Methods and Fig. 3D ).
In the inner half of M2, the rate constants of the MTSEA reactions with ␣T244C, ␣S248C, and ␣L251C in the quinacrineblocked open state were Ͻ10% the rate constants in the open state in the absence of quinacrine (Fig. 4) , i.e., the protection was Ͼ90%. There was no protection of ␣T244C in the absence of ACh. In the presence of ACh, the reaction with ␣V255C, one helical turn up from ␣L251, was protected only Ϸ40% by quinacrine binding, and ␣L258C and ␣E262C were not at all protected.
The protection was most likely due to the binding of quinacrine in the open channel starting just below ␣V255, where it blocked access to the residues that it contacted and the residues below by occluding the lumen ( Fig. 1 A and B) . ␣V255 was also inferred to be the upper boundary of the QX-314 and QX-222 binding site ( Fig. 4B; ref. 38 ). An alternative explanation for the protection is that quinacrine bound elsewhere than in the channel (40, 41) and stabilized, for example, a desensitized state (40, (42) (43) (44) , in which the protected residues were unreactive. Such a state, however, could not have been the stable desensitized state, in which ␣L251C reacts nearly as fast as in the open state (35) , and it could not have been the resting state, in which Fig. 4A ). This reaction resulted initially in potentiation of ACh responses (Fig. 3C) . After longer reaction of MTSEA, application of ACh resulted in a persistent current even after ACh was removed (not shown). Quinacrine increased the rate constant for the MTSEA reaction by a factor of 8 (Fig. 4) . QX-314 had the same effect (Fig. 4B) . These effects of blockers were not simply due to the stabilization of the open conformation of the channel. The reactivities with MTSEA of other mutants, like ␣L258C and ␣Y213C, were greater in the presence than in the absence of ACh. Yet, the additional presence of quinacrine had no effect on their rates of reaction (Fig. 4) . Hence, the structures of the open channel and the blocked open channel are somewhat different.
Quinacrine Mustard Reaction with Cys Mutants. Quinacrine mustard contains a bis-(2-chloroethyl)amino group in place of the diethylamino group in quinacrine (Fig. 5 Inset) . Each 2-chloroethyl group can react with a nucleophile like an S Ϫ or an NH 2 , presumably through an aziridinium intermediate. Previously, 10 M quinacrine mustard applied 5 min to reconstituted receptor from Torpedo electric tissue was found to inhibit ACh-induced Rb ϩ flux irreversibly (37) . The inhibition was greater in the presence of carbamoylcholine or D-tubocurarine, and the receptor was protected by proadifen. The incorporation of radioactive quinacrine mustard into the ␣ and ␤ chains was increased by both carbamoylcholine and D-tubocurarine. It is unlikely in this case that the observed inhibition and incorporation were mainly due to reaction in the open channel.
Under milder conditions, 10 M quinacrine mustard applied to oocytes expressing wild-type mouse-muscle ACh receptor for 1 min in the presence of ACh at Ն5ϫ EC 50 , or in the absence of ACh, irreversibly inhibited the subsequent response to ACh Ϸ10% (Fig. 5) . Under the same conditions, the effect of QM was tested on Cys-substitution mutants in ␣M1 and ␣M2 (Fig. 5) . In the presence of ACh, but not in its absence, quinacrine mustard irreversibly inhibited ␣T244C, ␣V255C, and ␣E262C. No other tested mutant in M1 or M2 was inhibited significantly more than wild type in the presence or absence of ACh.
The rate constants for the reactions of quinacrine mustard with the three reactive mutants were three to five orders of magnitude greater than the rate constant for the reaction of quinacrine mustard with 2-mercaptoethanol in buffer with the same ionic strength and pH as CFFR (Table 1 ). This acceleration was not due to the unusual reactivity of the Cys sulfhydryls in these mutants because another nucleophile MTSEA reacted considerably more slowly with these mutants than with 2-mercaptoethanol in solution (45) . Rather, the acceleration is consistent with quinacrine mustard acting as an affinity label of these Cys-substituted residues. In our model of the channel, when the acridine moiety of quinacrine mustard is bound between ␣V255 and ␣L251, the aliphatic N-bis-(2-chloroethyl)-pentylamine moiety reaches down to ␣T244C (Fig. 1B) . With the acridine ring system bound in the same location but flipped over, the reactive groups on the aliphatic moiety are juxtaposed to ␣E262C. In a configuration in which the bis(2-chloroethyl)-pentylamine is tangential to the acridine, the reactive groups are juxtaposed to ␣V255C (not shown).
In the open state, ␣L251C and ␣V255C reacted with nearly equal rate constants with MTSEA (45) . Thus, the lack of reaction of quinacrine mustard with ␣L251C was not due to its low intrinsic reactivity but to steric hindrance by the closely bound acridine moiety. The lack of significant reaction of quinacrine mustard with ␣L258C, ␣S248C, and ␣V218C was likely due to the relatively low reactivity of these cysteines even in the presence of ACh (ref. 45 ; Fig. 4 ). ␣Y213C is relatively reactive toward MTSEA, but it may be further from the acridine binding site than ␣E262. ␣R209 and ␣P211 are presumably even further from ␣V255 than ␣Y213; yet, quinacrine azide photolabeled them specifically in the open state, and this labeling was blocked by other noncompetitive inhibitors (21) (22) (23) . Either the photogenerated quinacrine nitrene diffused up from the open channel below or was bound outside of the lumen (41) . The pattern of the highly enhanced reactions of quinacrine mustard is consistent with the binding of its acridine moiety just below ␣V255, the same location for the binding site that we inferred from the protection of substituted Cys by quinacrine and previously by QX-314 (38) . This evidence, however, does not exclude other binding sites for quinacrine.
Structural Implications. Based on protection of substituted Cys by quinacrine, QX-314, and QX-222 (38) and on the affinity reactions of these cysteines with quinacrine mustard, as well as the photoreactions of chlorpromazine (10), these blockers bind just below ␣V255 in the open channel. Quinacrine and QX-314 (38) did not protect, and quinacrine mustard did not alkylate, substituted Cys in the resting channel. One possibility is that there is an obstruction at the outer end of the resting channel that hinders passage of channel blockers but allows passage of smaller molecules like MTSEA. MTSEA added extracellularly (but not intracellularly) reacted with Cys in the inner half of M2 in the resting state (34, 45) . MTSEA, however, reacted particularly slowly with ␣V255C and ␣L258C in the outer half of M2 in the resting state. Furthermore, 2-aminoethyl-2-aminoethane thiosulfonate, intrinsically more reactive than MTSEA but twice as big, reacted faster than MTSEA with Cys in the inner half of M2 in the open state but much more slowly in the resting state (45) , which is also consistent with a partial obstruction in the resting state. A loop formed by three consecutive M1 residues, ␣I215, ␣V217, and ␣N217, could obstruct the channel and also hinder access to and ionization of ␣V255C and ␣L258C in the resting state (ref. 27 ; Fig. 1C ). Cys substituted for ␣I215, ␣V216, and ␣N217 reacted with MTSEA in the resting state but not in the open state (24) . Furthermore, the Cys substituted for the next residue in ␣M1, ␣V218, was completely unreactive in the resting state and slowly reactive in the open state (Fig. 4) . Thus, a rearrangement in M1 that pulled back the obstructing loop and buried residues 215-217 could also expose ␣V218 between the flanking M2 segments. That ␣V218 is buried in the resting state and exposed to water in the open state is consistent with the potentiating effect of the reaction of MTSEA with ␣V218C; the channel with ␣V218C chemically modified by MTSEA to resemble a lysyl residue did not close completely.
Some relatively hydrophobic noncompetitive inhibitors after a 5-to 60-min incubation photolabel the same M2 residues in the closed, resting channel (9, 46, 47) that contact quinacrine bound in the open channel. Thus, if M1 does form an obstructing loop, it must fluctuate sufficiently to allow passage of these inhibitors. Although quinacrine and QX-314 failed to protect ␣T244C against MTSEA in the absence of ACh, we would not have detected their diffusion past the M1 loops if it were slow compared with the diffusion and reaction of MTSEA. Similarly, although quinacrine mustard failed to react with M2 Cys in the absence of ACh, we would not have detected the reaction if the time constant for diffusion of quinacrine mustard past the loops were Ͼ1 min.
The relatively small rate constant for the reaction of ␣V218C in the open state with MTSEA suggests that it is narrowly exposed (Fig. 4A) . That the addition of quinacrine increased the rate constant by an order of magnitude suggests that the binding of quinacrine in the open channel spreads the M2 segments slightly, further exposing ␣V218C to water and to MTSEA. By contrast, based on the rate constants for their reactions, ␣Y213C, ␣L258C, and ␣E262C are already highly exposed in the open state, and spreading the M2 segments would not expose them any further. Because QX-314 had the same effect on the rate constant for the reaction of MTSEA with ␣V218C, the structural difference between the open channel and the blocked open channel was not due to the size of quinacrine alone. The increased reactivity of ␣V218C must be a characteristic of the blocked open state. The blocked open channel must accommo- Oocytes expressing mutant receptors were treated alternately with ACh at Ն5ϫ EC50 for 5-10 s and with 5 M (T244C) or 100 M (V255C and E262C) quinacrine mustard and ACh (same concentration as in test responses) for 10 s. The oocyte was washed with CFFR for 3-5 min after each application of ACh with and without quinacrine mustard. The equation I ϭ I o ϩ (Iinf Ϫ Iinf)e Ϫkqt , where q is the quinacrine mustard concentration, was fit to the peak currents of the test responses as a function of the reaction time, and yielded k, the second-order rate constant. Quinacrine mustard (100 M) in 115 mM NaCl, 10 mM Hepes, and 1 mM EDTA (pH 7.2) was mixed with 2-mercaptoethanol (final concentration 122 M). The mixture was kept at 23°C under argon, and 0.5-ml aliquots were taken initially and every hour for 6 h. The aliquots were mixed with 400 M DTNB in 200 mM Tris buffer (pH 8.0). The absorbance at 412 nm was divided by 13,600 to obtain the remaining SH concentration. The SH concentration in the reaction mixture as a function of time was fitted with a second-order kinetic equation to obtain the rate constant. The mean rate constants, the mean error, and the number of determinations are given.
date the 14-Å-long substituted acridine moiety of quinacrine at the level of ␣V255 (Fig. 1B; cf. ref. 48) . By comparison, the width at the narrowest part of the open channel at the level of ␣T244 (29 -31) is Ϸ7.5 Å (31, 49, 50) .
The accessibility of the residues in ␤ M1 aligned with ␣215-217 was not different in the resting and open states. However, the Cys mutant of ␤V229, which aligns with ␣V218, also reacted with MTSEA only in the open state. Furthermore, the reaction of ␤V229C in the open state with the doubly charged 2-aminoethyl-2-aminoethane thiosulfonate depended on membrane potential, placing this residue in the open channel lumen (25) . That ␣ and ␤ make different contributions to the channel structure is consistent with other observed asymmetries in the contributions of the subunits (51, 52) . The accessibilities of ␥ and ␦ at the outer end of the channel have not yet been mapped. Not to overcomplicate the model, which is intended to be schematic but with realistic dimensions, we drew it symmetrically (Fig. 1 A) . The hypothesis that loops in ␣M1 are juxtaposed in the resting state should be testable.
Note Added in Proof. The rate constant for the reaction of MTSEA with ␤V229C, just as with the aligned ␣V218C, was increased eight times by quinacrine and seven times by QX-314.
